This paper reports that ~10-nm-thick iron selenide (FeSe) thin films exhibit insulator-like behavior in terms of the temperature dependence of their electrical resistivity even though bulk FeSe has a metallic electronic structure that has been confirmed by photoemission spectroscopy and first-principles 
I. Introduction
The iron (Fe)-based superconductor LaFeAsO 1-x F x was discovered in early 2008 [1] and has invoked intensive effort to explore new related superconductors and investigate their physical properties and the origin/mechanism of their superconductivity [2−4] . The parent phases of almost all Fe-based superconductors exhibit "poor (bad)" metallic electronic conduction and have long-range antiferromagnetic ordering, which are considered to be closely related to the appearance of superconductivity; i.e., carrier doping of the parent phase suppresses and finally removes the magnetic ordering, leading to the appearance of superconductivity. The superconducting critical temperature (T c ) of this family has reached 55 K for a bulk state of SmFeAsO 1-x F x [5] . The conventional F clarifying that more than one parent phase exists in the phase diagrams of Fe-based superconductors [6, 7] . Therefore, it is considered that the parent phases have essential roles in the superconducting mechanisms and determine T c , similar to the case of high-T c cuprate superconductors, in which a Mott- insulator antiferromagnetic parent phase with strong electron correlation plays a critical role in their high-T c superconductivity [8] .
Among Fe-based superconductors, tetragonal FeSe [9] is a unique compound from the viewpoints of both crystal and electronic structures. The crystal structure of FeSe consists of a simple stack of antiPbO-type FeSe layers composed of edge-sharing FeSe 4 tetrahedra; i.e., unlike the other Fe-based superconductors with complex chemical compositions such as 1111-type LaFeAsO, in which insulating
LaO layers are inserted into the conducting FeAs layers, FeSe has no insertion layer between the FeSe layers. Even though its T c is as low as 8 K in the bulk state, the electronic transport properties of FeSe, especially T c , can be strongly modulated by various external parameters such as chemical composition, synthesis conditions, pressure, and substrate [10−12] . For instance, the chemical pressure (i.e., strain)
induced by isovalent substitution of Te at the Se site and an external high pressure raised T c to 19 K for FeSe 0.5 Te 0.5 [13] and 37 K for FeSe at 8.9 GPa [14] , respectively. T c of thin films can be enhanced compared with that of the bulk state. The T c of an FeSe film deposited on a CaF 2 substrate was raised to 11.4 K [15] because the compressive in-plane lattice strain in the thin film had a similar effect to external pressure. Conversely, when FeSe films were deposited on SrTiO 3 (STO) and MgO substrates, the electronic transport properties of the films exhibited interesting thickness dependences. For thick films (≥200 nm), T c were almost the same as that of the bulk (~8 K). In contrast, for thin films (≤50 nm), superconductivity disappeared [16] and insulator-like behavior (i.e., increasing resistivity with decreasing temperature) was observed [17, 18] . Although the insulator-like behavior has been proposed to originate from the lattice strain in the films [16] and/or highly textured FeSe surfaces (i.e., the 4 coexistence of nonsuperconducting and granular superconducting phases) [19, 20] , the physical origin and mechanism of the insulator-like behavior of thin FeSe films are still under debate.
Starting from thin FeSe films with an insulator-like state, we successfully induced an insulatorsuperconductor phase transition by electrostatic electron doping using an electric double-layer transistor (EDLT) structure with an ionic liquid as a gate insulator [21, 22] . T c of the EDLT was raised to 35 K under an applied gate bias, which is ca. four times higher than that of bulk FeSe and agrees with similar recent reports [23−26] . In EDLTs with insulator-like FeSe layers, we proposed that the insulator-like
FeSe can be an effective parent phase because its strong electron correlation should lead to higher T c , like cuprate superconductors; this prediction was initially investigated using insulating TlFe 1.6 Se 2 [27] .
However, the superconducting properties of the insulator-like FeSe EDLTs strongly depended on their growth conditions and film structure; e.g., the films grown at rates that were too high or too low exhibited lower T c without zero resistance than that of films grown at the optimal rate. We tentatively concluded that over-or underdoped states originating from the defect structures formed under the suboptimum growth conditions is one of the origins of the poor superconducting properties of the EDLTs [22] . However, more detailed examination is still required to clarify the underlying physical mechanism and improve the superconducting properties of FeSe thin films. In addition, it has been reported that an extremely high T c of ≥77 K was induced by optimum thermal annealing of the initial insulating state of very thin (one-unit-cell thick) FeSe films on STO substrates [28, 29] . Therefore, an insulator-like FeSe parent phase is essential to potentially realize high T c . An approach using thin-film growth processes is the most effective way to examine such effects because the insulator-like behavior of FeSe is affected by several factors such as lattice strain, surface texture, and/or sample dimensionality (i.e., sample thickness).
Superconductivity in bulk FeSe has already been investigated in detail including the effects of chemical composition. It has been reported that excess Fe at the interstitial sites does not affect T c [30, 31] or suppresses T c through segregation of excess Fe [32] because the possible interstitial Fe concentration is limited to ~5%. In the Se-rich case, ordered or disordered Fe vacancies are formed depending on the fabrication conditions. If the ordered Fe vacancies are quenched, the primitive unit cell is extended to a 2×2×1 superlattice structure [33] . The phase with the Fe-vacancy superstructure also exhibits insulator-like behavior. These findings suggest that if we can vary the chemical composition and superstructures of FeSe films over a much wider range, e.g., via nonequilibrium thin-film growth processes, it may be possible to discover novel phenomena such as the two superconducting domes in [6, 7] . Moreover, the strain introduced during thin-film growth should raise the potential barrier for conduction carriers (i.e., insulating behavior) in insulator-like FeSe because of the intrinsic sensitivity of the physical properties of FeSe to its local structure. Thus, the investigation of the physical properties, particularly the electronic transport properties, of insulator-like FeSe over a wide range of chemical compositions is important to find a way to achieve much higher T c by carrier doping using an EDLT structure as well as atomically thin FeSe layers.
In this paper, we focus on insulator-like states of FeSe thin films with a thickness of ~10 nm and investigate the electronic transport properties of these films. It is found that there is a chemical composition boundary for conductivity activation energy, which also corresponds to strain in the films.
The activation energies of the samples with excess Fe are approximately one order of magnitude higher than those of the films that are deficient in Fe. We clarify that the origin of this drastic change in the activation energies of the films is the different potential barrier heights in the conduction band for percolation conduction of carriers, and that the reasons for the different potential barriers are lattice variation and excess Fe in the FeSe lattice introduced during the nonequilibrium thin-film growth process.
II. Experimental procedures
Epitaxial FeSe thin films were grown by molecular beam epitaxy (MBE) using an EV-100/PLD-S growth chamber (Eiko, Japan) under a base pressure of 1×10 −7 Pa. An (00l)-oriented STO single crystal was used as a substrate, which was thermally annealed at 1050 °C in air after etching in buffered HF to obtain an atomically flat surface prior to film deposition [34] . The STO substrate was heated in the MBE growth chamber using an infrared semiconductor laser (LU0915C300-6, Lumics GmbH, Germany, λ=915 nm) through a thin backplate made of stainless steel to absorb the infrared laser irradiation and raise the substrate temperature (T s ) from 350 to 700°C, which was calibrated using a thermocouple directly connected to a sapphire single-crystal plate. Fe (99.99%) and Se (99.999%) were evaporated from separate Knudsen cells and the flux of each element was controlled by the cell temperature with a beam flux monitor positioned just beneath the substrate.
Crystalline phase and structure were characterized along the out-of-plane (i.e., vertical diffraction to the substrate surface) and in-plane (i.e., parallel to) directions by x-ray diffraction (XRD) using a SmartLab diffractometer (Rigaku, Japan) with Cu Kα 1 radiation that was monochromated with a twobounce Ge (220) crystal. The geometry of these axes of the XRD apparatus can be found in Ref. [35] . In situ reflection high energy electron diffraction (RHEED) observation at an acceleration voltage of 20 kV was also performed in the MBE growth chamber to confirm the heteroepitaxial growth of FeSe. Film crystallinity was evaluated using the rocking-curve full width at half maximum (FWHM) values of the out-of-plane 001 (Δω) and in-plane 200 (Δϕ) diffractions. In the out-of-plane rocking-curve measurements, an additional two-bounce Ge (220) crystal was mounted in front of the scintillation detector to achieve the higher angle-dispersion resolution of Δω<0.001° instead of the usual optics with [21] . To determine the chemical compositions of large lateral-size segregated grains, field-emission scanning electron microscopy (FE-SEM) using a JSM-7600F electron microscope (JEOL) with an energy-dispersive x-ray (EDX) detector in point-analysis mode was employed. The spatial resolution was comparable to the incident beam size (<20 nm) because the films were so thin that extra fluorescence originating from secondary electrons scattered in the film did not occur.
Electronic transport properties of the obtained films were characterized by the temperature (T) dependence of their longitudinal resistivity (ρ xx =ρ) and Hall-effect measurements (i.e., transverse resistivity, ρ xy ) with a physical property measurement system (Quantum Design Inc., USA) at 4.2-300 K.
In the ρ-T measurements, we used a four-probe geometry with Au electrodes deposited by direct-current sputtering using an SPF-332HS sputtering system (Canon Anelva, Japan). Hall-effect measurements were conducted using a six-terminal Hall bar structure (500 μm long and 200 μm wide). A shadow mask in situ sample transfer system [36] (i.e., to prevent sample exposure to any gasses such as air, pure N 2 , or Ar), in which the growth chamber, ARPES measurement chamber, and sample carrier transfer chambers were connected in an ultrahigh vacuum of <1×10 −7 Pa because of the serious sensitivity of FeSe surfaces to air [37] . The ARPES measurements were carried out under an ultrahigh vacuum of <4×10
Pa and at a low temperature of ~10 K. We scanned along the Γ−M line using a Scienta DA30 photoelectron analyzer (Scienta Omicron Inc., Germany). The detector resolutions were set to 10 meV for energy and 1° for angle. To precisely evaluate binding energies from the obtained results, the Fermi level (E F ) was calibrated by measuring the Fermi edge of a polycrystalline Au.
III. Results and discussion

III-1. Phase diagram of FeSe growth on STO (001)
To easily understand the entire discussion, we first illustrate the relationships between the obtained crystalline phases, crystallite orientations, [Fe] /[Se], and T s in Fig. 1(a) . Supporting data are presented and discussed point by point in the following sections. As will be explained, we concluded that [Fe] 
III-2. Optimization of T s
Here, we examine in detail the relationships between deposition conditions, crystalline phases, orientations, and crystallinity according to analysis of raw experimental data. After preliminary experiments, the ratio of Fe flux rate to Se flux rate was fixed at ~1:10, for which the temperatures of the Fe and Se cells were 1110 and 135°C, respectively. Because of the much higher evaporation rate of Se than Fe during film growth, we used an Se flux rate that was ten times higher than that of Fe. increasing R rms with elevating T s (R rms =5.3 nm for T s =350°C and R rms =20 nm for T s =700°C).
Consequently, both Δω and R rms exhibit the inverted bell-shaped curves with respect to T s , as seen in Fig. 2(e).
III-3. Optimization of [Fe]/[Se]
Next Pa for Se. Here, the target film thickness was ~10 nm, which was exactly determined by XRR and interference detected in out-of-plane XRD measurements, to avoid lattice relaxation and effectively introduce film strain. The other growth parameters were all fixed (e.g., the optimum T s =500°C obtained in the previous section). There is a large in-plane lattice mismatch between tetragonal FeSe and the STO substrate; i.e., the in- Fig. 4(a) 
III-4. Effects of lattice strain on FeSe film properties
III-5. Electronic transport properties and electronic structures
To investigate the two different strain effects seen in Fig. 4(c) on the electronic transport properties of the sample, ρ−T relationships were examined. highest T c of 35 K when we applied a gate bias to the EDLT in Ref. [21] , whereas the samples grown at growth rates that were too high (E a =0.1 meV and T 0 =0.002 K) and low (E a =1.2 meV and T 0 =16 K) exhibited quite broad superconducting transitions without zero resistance and lower T c [22] .
The electronic transport properties in Fig. 5 revealed that all the fabricated FeSe thin films exhibited up-turn -T relationships, which are usually interpreted as typical of electrical insulators. Here it should be noted that such up-turn behavior of ρ−T is observed even for metals because of magnetic impurity scattering known as the Kondo effect. However, the relationship of linear ρ vs. ln T at low T, which is consistent with the Kondo effect, was not observed for our FeSe films (see 6(c) and 6(d), respectively. At the Γ point, a hole-like band derived from Fe 3d orbitals [48] intersected E F and its top was located at a binding energy of E b −E F =−15 meV. At the M point, an electron-like band crossed E F and its bottom was located at E b −E F =+5 meV. These results confirm that the electronic structure in the insulator-like FeSe is metallic (i.e., the band gap is not opened at E F ) even though separated hole-and electron-like bands exist around E F (i.e., multiband structure), like bulk FeSe [49] .
Here, it should be noted that their energy overlap (i.e., the difference of E b between the top of the holelike band at Γ and the bottom of the electron-like band at M) is as small as ~20 meV, which is the same value as that determined by ARPES for FeSe with in-plane tensile lattice strain [50] . Because a small energy overlap results in enhancement of nematic instability [50] , the lack of superconductivity in all our FeSe films would also originate from nematic instability.
Because superficially antagonistic results were obtained for the electronic transport properties and ARPES measurements (i.e., a linear proportional relation between ln σ and T −1/4 despite the metallic electronic structure), we performed Hall-effect measurements for two representative films in the two regions; that is, [Fe] were observed, we estimated the Hall coefficient (R H ), which is presented in Fig. 7(c Next, we estimated the mobility (μ) of the two films from the inverse of ρ in Fig. 5(a) 
IV. Conclusion
We fabricated ~10 nm-thick insulator-like FeSe films with [Fe] 
